4-Hydroxy-2-keto-pentanoic acid aldolase from Escherichia coli was identified as a class I aldolase. The enzyme was found to be highly selective for the acetaldehyde acceptor but would accept ␣-ketobutyric acid or phenylpyruvic acid in place of the pyruvic acid carbonyl donor.
Aldolase-catalyzed reactions are involved in the latter stages of many bacterial catabolic pathways responsible for the degradation of aromatic compounds (3) . In particular, many of the bacterial meta cleavage pathways for aromatic degradation proceed via the common intermediate 4-hydroxy-2-keto-pentanoic acid (HKP) (3) , whose cleavage to acetaldehyde and pyruvic acid ( Fig. 1 ) is catalyzed by an aldolase enzyme. Previous biochemical work on HKP aldolase is limited to the enzyme activity from Pseudomonas strains. HKP aldolase from Pseudomonas sp. strain CF600 was shown to be activated by Mn 2ϩ ions (9) , whereas 4-hydroxy-4-methyl-2-oxoglutarate aldolase from Pseudomonas putida (11) requires Mg 2ϩ ions for catalytic activity, and these enzymes appear to fall into the class II family of aldolases.
It has been reported previously that the HKP aldolase activity in extracts of Escherichia coli would process both enantiomers of the substrate, unlike the corresponding activities from Pseudomonas and Acinetobacter spp., which were enantioselective (2) . We have previously established that the preceding enzyme on the phenylpropionic acid catabolic pathway, namely, 2-hydroxypentadienoic acid hydratase (MhpD), catalyzes a stereospecific hydration reaction (8) . We therefore wished to examine the stereoselectivity and substrate selectivity of HKP aldolase from E. coli.
HKP aldolase activity was detectable in extracts of E. coli W3110 in a stopped assay involving treatment of HKP with extract for 30 min, followed by heat treatment and then addition of lactate dehydrogenase and NADH. Levels of enzyme activity were low (7.0 mU/mg of protein) and were not enhanced by inclusion of phenylpropionic acid in the growth media (1). The enzyme was purified by precipitation with 50 to 80% ammonium sulfate, phenyl-agarose hydrophobic-interaction chromatography, Q Sepharose anion-exchange fast protein liquid chromatography (FPLC), and Mono Q anion-exchange FPLC. The purified enzyme had a specific activity of 184 mU/mg of protein, a 26-fold purification overall. Although not purified to homogeneity, the purified enzyme was entirely free of background NADH oxidase activity and could be examined in a continuous assay by incubation with lactate dehydrogenase and NADH. Maximum activity was obtained in the pH range 6.25 to 6.75, with sharp inflections of activity at pH 6.0 and 8.0.
The purified HKP aldolase showed no observable dependence on divalent metal ions, unlike the purified Pseudomonas aldolases (9, 11) . Furthermore, treatment of the enzyme with the metal chelator EDTA at 10 mM resulted in no loss of enzyme activity. Moreover, treatment of enzyme with sodium borohydride in the presence of substrate HKP resulted in 100% loss of activity, indicative of an imine linkage. Treatment with sodium borohydride in the absence of substrate resulted in only a slight (Ͻ10%) loss of activity; thus, the imine linkage is formed only upon addition of the substrate. These data imply that the E. coli enzyme is a class I aldolase utilizing an imine linkage between the C-2 carbonyl of HKP and the ε-amino group of a lysine residue at the active site. Since 80% amino acid sequence identity has been determined between the Pseudomonas strain CF600 DmpG and E. coli MhpE gene products corresponding to the respective HKP aldolases (4), the difference in behavior between the E. coli and Pseudomonas enzymes is most surprising. We note that although the Pseudomonas HKP aldolase was reported to show a six-to eightfold activation by Mn 2ϩ , the enzyme retained residual activity after EDTA treatment and the presence of an imine linkage was not investigated (9) .
The stereoselectivity of the enzymatic reaction was examined by treatment of racemic HKP with the enzyme for various reaction times, followed by acid-catalyzed lactonization of the remaining HKP substrate to give 2-keto-4-methyl-␥-butyrolactone, followed by organic acids HPLC analysis. Time-dependent consumption of HKP was observed, but after long reaction times approximately 60% of the substrate remained ( Fig.  2A) . Kinetic studies subsequently showed that the equilibrium position lies strongly in favor of the forward reaction; therefore, these data imply that the enzyme utilizes only one enantiomer of the substrate. Since the earlier study of the E. coli enzyme stereospecificity was carried out with crude extract (2), it is possible that there is a second aldolase with the opposite stereospecificity in E. coli, although we observed only one peak of activity upon enzyme purification.
The reverse reaction was assayed by incubation of enzyme with acetaldehyde and pyruvate, followed by lactonization of the HKP product under acidic conditions, and HPLC analysis. Time-dependent formation of product was observed (Fig. 2B) , indicating that HKP aldolase also catalyzes the reverse reaction. Concentrations of product were deduced by calibration with known amounts of synthetic 2-keto-4-methyl-␥-butyrolactone (10); thus, after 24 h the reaction mixture contained 3.7 mM HKP. Initial concentrations of acetaldehyde and pyruvic acid were 360 mM and 180 mM, respectively; thus, a K eq of 17 M in favor of the forward reaction can be deduced. From the rate of reaction over the first hour, it was calculated that the reverse reaction proceeds at 13% of the rate of the forward reaction.
The substrate selectivity for the reverse reaction catalyzed by HKP aldolase was examined with respect to the carbonyl donor pyruvic acid and the carbonyl acceptor acetaldehyde. No product formation was observed when propionaldehyde was used in place of acetaldehyde; thus, the enzyme is highly selective for the carbonyl acceptor. However, lactone products with similar retention times and max s were observed by HPLC using either ␣-ketobutyric acid or phenylpyruvic acid as the substrate for the reverse reaction. The apparent rates of formation of the new lactone derivatives are similar to those observed with pyruvic acid as the substrate (Table 1) ; thus, ␣-ketobutyric acid and phenylpyruvic acid appear to be converted efficiently by the enzyme.
In summary, HKP aldolase from E. coli is shown to be a class I aldolase enzyme, which proceeds via an imine linkage between the substrate and the enzyme active site. Only a small number of class I aldolases have been found in prokaryotes (5-7), including an aldolase enzyme involved in bacterial naphthalene sulfonate degradation (6) . The partially purified enzyme is shown to be selective for one enantiomer of the substrate, presumably the 4S enantiomer produced by the preceding enzyme on the pathway (8) . The enzyme shows a high selectivity for the acetaldehyde acceptor, which would constrain the degradation of ortho-substituted phenylpropionic acids via this pathway. The relaxed specificity for the ␣-keto acid carbonyl donor offers the possibility of using HKP aldolase for stereospecific carbon-carbon bond formation reactions with nonnatural substrates. Acetaldehyde ϩ pyruvic acid (both 100 mg/ml) HPLC (34 min) 0.13
Propionaldehyde ϩ pyruvic acid (both 100 mg/ml) HPLC -Acetaldehyde ϩ 2-keto-butyric acid (both 100 mg/ml) HPLC (37 min) 0.12 Acetaldehyde ϩ phenylpyruvic acid (both 100 mg/ml) HPLC (33 min) 0.13 a Assay methods for forward and reverse reactions are described in the text and are illustrated in Fig. 1 . Assays were conducted at 20°C in 50 mM potassium phosphate buffer, pH 7.0.
b Retention time for ␣-keto-␥-butyrolactone derivatives observed on organic acids HPLC (Bio-Rad HPX-87H column, eluent 0.005 mM H 2 SO 4 , flow rate 0.6 ml/min). LDH, lactate dehydrogenase.
c Reaction rate relative to HKP forward reaction. -, no reaction observed.
